Introduction
The development and application of higher strength steels is driven by the desire to lighten products and structures and to reduce their construction costs. However, high strength steels are well known to undergo hydrogen embrittlement cracking (delayed fracture) when exposed to corrosion environment accompanied by hydrogen generation. The susceptibility to this embrittlement has a tendency to increase with increasing strength level of steel, resulting in a hindrance to practical application of higher strength steels. 1) Phosphorus is one of several elements which segregate at grain boundaries and cause intergranular fracture. There are some similarities and close connection between this impurity induced temper embrittlement (TE) and hydrogen embrittlement (HE). [2] [3] [4] [5] [6] The susceptibility to both types of embrittlement is generally enhanced as the strength is raised, and the fracture caused by the embrittlement occurs primarily along prior austenitic grain boundaries. The increase in ductile-brittle transition temperature (DBTT) due to TE is more pronounced in the presence of hydrogen, that is, under the interaction of hydrogen with impurities. 7) Phosphorus is also known to poison the recombination reactions of atomic hydrogen. 8) Therefore, it has been desired to establish the procedure for making phosphorus harmless without rise in manufacture cost. On the other hand, phosphorus has several beneficial effects on mechanical properties. It brings about strong solid-solution hardening, resulting in increase in yield strength of iron or steels. [9] [10] [11] It also increases the ductility of some steels at high temperature 12) and improves the deep drawability of low carbon steels. In addition, phosphorus is known to be effective in atmospheric corrosion resistance. 13) Phosphorus may be used constructively as one of the most effective and economical elements to improve mechanical and atmospheric corrosion properties in high strength structural steels if such improved properties can be derived without increasing susceptibility to HE and TE.
In contrast to phosphorus, boron suppresses the intergranular fracture attributable to the segregation of phosphorus and improves the secondary workability of phosphorusadded steel. [14] [15] [16] [17] [18] [19] This improvement results from the increased grain boundary cohesion caused by the segregated boron as its inherent effect and the decrease in the segregation of phosphorus. The former is reported to be more effective than the latter in suppressing the intergranular fracture. However, the effect of boron on the HE susceptibility is not widely reported. [20] [21] [22] In this study, hydrogen-charged miniaturized Charpytype specimens were subjected to three-point bending tests to investigate the HE susceptibility of the phosphorus (Received on April 11, 2003 ; accepted in final form on June 10, 2003 ) Hydrogen-charged miniaturized Charpy-type specimens were subjected to three-point bending tests to investigate an influence of phosphorus and boron on the hydrogen embrittlement (HE) susceptibility of high strength low alloy (HSLA) steels for bolts. The tests were carried out under wide variety of deformation rate to examine an effect of deformation rate on the susceptibility also. The experimental results revealed that the HE susceptibility increased with decreasing deformation rate. This dependence of susceptibility on deformation rate seemed to be associated with velocity relations between the deformation rate and the diffusion rate of hydrogen. The susceptibility was more pronounced by the addition of phosphorus, even though the phosphorus segregation was not sufficient by itself to cause temper embrittlement. On the other hand, boron had almost no influence by itself on the susceptibility. A cyclic voltammetry and thermal desorption spectroscopic analysis were conducted for understanding the change in HE susceptibility with phosphorus and/or boron from the point of view of hydrogen adsorption/absorption characteristics, respectively. However, it was hardly observed that those elements influenced the hydrogen content and the trapping site of hydrogen in the steel under the present hydrogen charging condition. Consequently, it was considered that the increase in HE susceptibility with phosphorus mainly resulted from the reduction in grain boundary strength due to phosphorous, rather than the variation in hydrogen adsorption/absorption characteristics.
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and/or boron added high strength low alloy steels, which have low TE susceptibility. The tests were carried out under wide variety of deformation rate to examine an effect of deformation rate on the HE susceptibility also. Additionally, the steels were subjected to cyclic voltammetry and thermal desorption spectroscopic analysis for understanding the change in HE susceptibility from the viewpoint of hydrogen adsorption and absorption characteristics.
Experimental Procedure

Materials
The materials used in this study are four different kinds of high strength low alloy (HSLA) steels for bolts. The Steel A is the base steel free from phosphorus and boron. The Steel B contains 260 mass ppm phosphorus, while the Steel C has 22 mass ppm boron. The Steel D is the steel containing both phosphorus (260 mass ppm) and boron (23 mass ppm). The ingots of 100 kg were made by vacuum melting and forged to round rods 25 mm in diameter. After normalizing at 1 123 K for 1 h, the forged steels were machined to rods of 15 mm in diameter and 240 mm in length. These machined rods were austenitized at 1 153 K for 0.5 h and oil-quenched. Then, they were tempered at 773 K for 1 h, followed by a water quench. The chemical compositions and heat treatment of these steels are summarized in Table  1 . It was checked beforehand that the present phosphorusadded steels, the Steel B and Steel C, had low TE susceptibility by the impact tests at temperatures between 77 K and 293 K. The DBTT showed almost no significant change and no intergranular fracture occurred at cryogenic temperature. The mechanical properties of the steels at room temperature are given in Table 2 . The strength levels of the steels are increased by adding phosphorus and/or boron. The effect of phosphorus corresponds to the above-mentioned solid-solution hardening, while the addition of boron is likely to improve the hardenability. 23) Metallographic investigation using optical microscope showed the normal microstructure of fully tempered martensite without ferrite in all the steels.
Hydrogen Charging and Three-point Bending
Tests Hydrogen charging into the steels was conducted by means of cathodic electrolysis using 3 mass% NaClϩ3 g/L NH 4 SCN aqueous solution under a current density of 10 A/m 2 for 24 h, prior to the three-point bending test. Next, the hydrogen-charged specimen was plated with cadmium to prevent an escape of hydrogen from the specimen surface. The cadmium plating was performed in a 240 g/L Cd (BF 4 )ϩ60 g/L NH 4 (BH 4 ) 2 ϩ27 g/L H 3 BO 4 aqueous solution under a current density of 480 A/m 2 for 4 min. The plated specimen was left for 8 h at room temperature to homogenize the distribution of hydrogen in the steel.
The dimension of the miniaturized Charpy-type specimen with 0.3 mm V-notch was 1.5ϫ1.5ϫ20 mm (Fig. 1) . Three-point bending tests were carried out at room temperature under wide variety of fall rate of the blade or crosshead moving speed i.e. from 2.0ϫ10 0 to 1.7ϫ10 Ϫ8 m/s. Figure 2 shows a schematic illustration of the threepoint bending type impact testing apparatus, which has been developed for high deformation rate in our Table 1 . Chemical composition (mass%) and heat treatment of the steels used in this study. Table 2 . Mechanical properties of the steels used in this study. laboratory. 24, 25) The load was measured by strain gages attached to the blade. The fall rate of the blade was controlled by adjusting a gas pressure in the air tank. In case of slow and middle deformation rate, the tests were conducted using a general Instron-type testing machine. To obtain a reference data, the non-charged specimens were also plated with cadmium and subjected to the three-point bending tests.
It is essential to use miniaturized specimens to directly evaluate the HE susceptibility of actual bolts, because the volume of removable samples from the bolts is very limited. By using the present small specimen testing technique, it will be possible to evaluate the susceptibility of actual bolts in detail.
Measurements of Hydrogen Adsorption/Absorption Properties
The cyclic voltammetry (CV) was carried out to investigate hydrogen adsorption characteristics. The plate-type CV samples, f 10ϫ5 mm, were connected to a lead wire and then covered with epoxy resin, except for the measurement area. The measurement surfaces were mechanically polished to a 0.05 mm Al 2 O 3 finish. The CVs were performed at a sweep rate of 10 mV/s in 0.1 kmol/m 3 NaOH aqueous solution at 298Ϯ1 K. The pH of the solution was adjusted to 10.0 by adding a small amount of H 2 SO 4 . Before performing the measurements the solution was deaerated with nitrogen gas, and the gas was constantly passed through during the measurements.
The thermal desorption spectroscopic (TDS) analyses were conducted from room temperature to 1 073 K after the above-mentioned hydrogen charging to observe hydrogen release behavior from trapping sites. The rod-type specimens, 1.5ϫ1.5ϫ20 mm, were used for the TDS samples. The heating rate used in this study was 100 K/h. The desorbed hydrogen carried with high purity argon gas was detected by a gas chromatograph every 5 min. The flow rate of the argon carrier gas was fixed at 1.2ϫ10 Ϫ5 m 3 /min throughout the analysis. The hydrogen evolution rate was defined as the amount of hydrogen desorbed in one minute per one gram of the specimen. Figure 3 shows an example of change in load versus displacement curve due to hydrogen charging, which was observed on the Steel A at the crosshead speed of 1.7ϫ10 Ϫ7 m/s. The maximum load and the fracture displacement significantly decrease as a result of hydrogen charging. The fracture energy, E f , was determined by calculating the total area under the load-displacement curve up to the fracture to evaluate quantitatively the HE susceptibility.
Results and Discussion
Dependence of HE upon Deformation Rate
The fracture energy of the Steel A is plotted as a function of fall rate of the blade or crosshead moving speed, namely, deformation rate in Fig. 4 . The fracture energies measured on both of the non-charged and hydrogen-charged specimens decrease with decreasing deformation rate. However, the fracture energies of the hydrogen-charged specimens are smaller than the non-charged specimens in the region of relatively low deformation rate (less than 10 Ϫ3 m/s). The difference between their energies is more distinguished as a deformation rate decreases. The quasi-cleavage fracture surface was observed in the hydrogen-charged specimen tested at deformation rate of 1.7ϫ10 Ϫ7 m/s, as shown in Fig. 5(a) . No such fracture surface was observed at the faster deformation rates. On the other hand, the fracture of the non-charged specimen occurred in a ductile manner (Fig. 5(b) ) and the fracture mode was not significantly dependent on the deformation rate.
The continuous decrease in fracture energy of the hydrogen-charged specimen, that is, the increase in HE susceptibility with decreasing deformation rate must be closely associated with the diffusion rate of hydrogen. A certain time is required for hydrogen to reach and concentrate in the vicinity of notch or crack tip and cause hydrogen assisted cracking. The HE scarcely appears in the region of high deformation rate because the crack propagation rate is faster compared with the diffusion rate of hydrogen. Similar variations in fracture energy with deformation rate were also observed in the other steels. 
Influence of Phosphorus and Boron on HE Susceptibility
The fracture energies measured on the hydrogen-charged specimens of the Steel B, Steel C and Steel D are plotted against deformation rate in Fig. 6 , where each result is given together with the result of the reference Steel A. The fracture energy of the Steel B is smaller than that of the Steel A at all deformation rates. On the other hand, the Steel C shows almost no loss of fracture energy, and boron has almost no influence by itself on the susceptibility. There seems to be also no significant difference between the fracture energies of the Steel D and Steel A. However, it is difficult to derive the precise conclusion about the effect of boron on the HE susceptibility of phosphorus-added steels from Fig. 6 (c) because some scattering results can be recognized.
As mentioned in the previous section, the Steel A tested at 1.7ϫ10 Ϫ7 m/s exhibited the quasi-cleavage fracture surface as a result of hydrogen charging. Similar fracture appearance was also observed in the Steel C. In contrast to these two steels, the brittle fractures were predominantly intergranular in the Steel B and Steel D tested at 1.7ϫ10 Ϫ7 m/s, as shown in Fig. 7 . However, the area fraction of the intergranular fracture surface was larger in the Steel B than the Steel D. It is quite likely that these brittle intergranular fractures are attributable to the grain boundary segregation of phosphorus. The HE susceptibility of the phosphorusadded steel, the Steel B, seems to be pronounced by the segregation of phosphorus, even though the segregation is not sufficient by itself to cause TE. To the contrary, it may be said that the decrease in grain boundary strength is promoted under the presence of hydrogen. In either event, the susceptibility to intergranular cracking increases because of the interaction between segregated phosphorus and hydrogen atom at prior austenitic grain boundaries. Isokawa and Namiki 26) investigated the effect of sulphur on the susceptibility of high strength steels for bolts to delayed fracture. They obtained the similar results and reported that the in- tergranular fracture was induced by both sulphur segregation and hydrogen degradation. Craig and Krauss 27) also observed that without hydrogen the intergranular fracture attributed to phosphorus segregation was hardly observed in 4130 type steels.
The fracture energies measured on the non-charged specimens of the Steel A and Steel B are plotted against deformation rate in Fig. 8 . The fracture energy of the Steel B is smaller than the Steel A at all deformation rates, as well as the hydrogen-charged specimens. This reduction in fracture energy seems to be associated with the decrease in grain boundary strength due to the phosphorus segregation, even though an explicit brittle intergranular fracture characteristic of TE was not observed. Figure 9 shows the differences between the fracture energies of non-charged and hydrogencharged specimens, DE f , in the Steel A and Steel B. The DE f tends to be distinguished with decreasing deformation rate. It is worthwhile to note that there is no distinct difference between the Steel A and Steel B. This result means that the reduction in grain boundary strength itself due to phosphorus has a greater influence on the increase in HE susceptibility than the interaction of phosphorus with hydrogen. However, it is also certain that the interaction affects the increase in susceptibility, because the intergranular cracking, which was not observed in the non-charged specimen at all, occurred to the hydrogen-charged one.
Influence of Phosphorus and Boron on Hydrogen Adsorption/Absorption Properties
Phosphorus is known to act as recombination poison for formation of hydrogen molecules. On the other hand, it has been observed that boron retarded grain boundary segregation of hydrogen and suppressed diffusion of hydrogen resulting in decrease in hydrogen content in steels. [20] [21] [22] Tanabe et al. reported that the addition of boron facilitated greater desorption of hydrogen species from the surface of intermetallic Ni 3 (Si,Ti) alloy.
28) The present four kinds of steels were subjected to cyclic voltammetry (CV) and thermal desorption spectroscopic (TDS) analysis for understanding the change in HE susceptibility from the point of view of hydrogen adsorption and absorption characteristics. formed in atmosphere. It is obvious from this figure that the cathodic current densities of the Steel C are larger than the Steel A. Figure 11 summarizes the current densities of all the steels measured at Ϫ1.04 V (vs. NHE) when the number of cycles were the 100th, 200th, 300th, 400th and 500th times. The results of 1st time are not given in the figure because of marked influence of oxide films. The current densities of the Steel B are slightly smaller than the Steel A, while the boron-added steels, the Steel C and Steel D, have much larger current densities to the contrary. In the CV, smaller cathodic current density indicates lower desorption rate of hydrogen species from the steel surface, whereas larger one higher desorption rate. Therefore, as reported in earlier studies, it may be said that the addition of boron is effective in preventing the adsorption of hydrogen onto the steel surface. Additionally, phosphorus may have the faculty to depress the hydrogen desorption, resulting in increase in hydrogen surface coverage (amount of adsorbed hydrogen). The increase in adsorbed hydrogen leads to increase hydrogen concentration at subsurface, which is just equilibrated with the hydrogen surface coverage. The hydrogen evolution curves were measured by TDS analyses to examine hydrogen in the steels. The obtained results are given in Fig. 12 , where the hydrogen evaluation rate is plotted against temperature. The peaks of hydrogen evaluation rate appear at 320-330 K, which was not observed at all in the non-charged specimens. These peaks reflect diffusible hydrogen, which is trapped by point and line defects, such as a vacancy, dislocation and grain boundary. 29, 30) Not only the peak value but also the peak temperature show almost no variation with the addition of phosphorus and/or boron. This result means that there is no significant difference in hydrogen content and trapping site of hydrogen between the four steels.
In this way, the hydrogen absorption characteristics showed no significant change, even though the hydrogen adsorption characteristics were altered by phosphorus and/or boron. This result is attributed to the fact that the hydrogen charging was forcibly conducted under galvanostatic control, namely, constant current density in the present study. If the hydrogen charging is carried out under potentiostatic control, the hydrogen content would be more or less varied according to the hydrogen adsorption characteristics. Boron is expected to contribute to the suppression of hydrogen absorption resulting in the retardation of HE in an actual natural environment, which is much milder than the present hydrogen charging condition.
Based on the above results, it is concluded that the increase in HE susceptibility with the addition of phosphorus is mainly caused by the reduction in grain boundary strength due to phosphorus, rather than the variation in hydrogen adsorption and absorption characteristics.
Conclusions
Hydrogen-charged miniaturized Charpy-type specimens were subjected to three-point bending tests to investigate the hydrogen embrittlement (HE) susceptibility of the phosphorus and/or boron added high strength low alloy steels, which have low temper embrittlement (TE) susceptibility. The tests were carried out under wide variety of deformation rate to examine an effect of deformation rate also. Additionally, the steels were subjected to cyclic voltammetry and thermal desorption spectroscopic analysis for understanding the change in HE susceptibility from the point of view of hydrogen adsorption and absorption characteristics. From the present investigation the following conclusions can be drawn.
(1) The HE susceptibility increases with decreasing deformation rate. This dependence of susceptibility on deformation rate seems to be closely associated with velocity relations between the deformation rate and the diffusion rate of hydrogen.
(2) The HE susceptibility is more distinguished by the addition of phosphorus, even though the segregation is not sufficient by itself to cause TE. This increase in susceptibility mainly results from the reduction in grain boundary strength itself due to phosphorus. However, it is also certain that the interaction between phosphorus and hydrogen affects the increase in susceptibility, because the intergranular cracking, which is not observed in the non-charged specimen, occurs to the hydrogen-charged one. On the other hand, boron has almost no influence by itself on the susceptibility.
(3) Boron is effective in preventing the adsorption of hydrogen onto the steel surface, and phosphorus has the faculty to depress the hydrogen desorption. However, both the elements hardly influence the hydrogen content and the trapping site of hydrogen in the steel under the present hydrogen charging condition.
